Introduction
Establishing functional analysis using patch-clamp recordings from adult-born hippocampal granule cells (van Praag et al., 2002) , was a major step forward in establishing adult neurogenesis as a widely accepted phenomenon within the broader neuroscience community. Subsequently, several studies appeared showing distinct functional properties of newborn neurons in the adult brain, including enhanced excitability and enhanced synaptic plasticity, relative to the mature granule cell (GC) population (Schmidt-Hieber et al., 2004; Ge et al., 2007) . Furthermore, GABAergic synapses were shown to be initially depolarizing until 3 weeks of age (OverstreetWadiche et al., 2005; Ge et al., 2006) , followed by a phase with hyperpolarized EGABA and a slower time course of the GABAergic synaptic inhibition (Marín-Burgin et al., 2012) . At 8 weeks post mitosis, adult born granule cells were found to finally show identical GABAergic inhibition to mature GCs (Laplagne et al., 2006) . Based on these cell biological studies it was concluded that young neurons are 'hyperactive' and 'hyperexcitable' during learning behavior and memory processing (Aimone et al., 2010 (Aimone et al., , 2011 . Remarkably, on the behavioral level it was shown that adult neurogenesis improves learning by increasing the brains capability to distinguish between similar memory items, a process called pattern separation. Specifically, several studies showed that newborn 4-week-old neurons facilitate pattern separation during learning, while older neurons seem to be less effective (Gu et al., 2012; Nakashiba et al., 2012) Modeling studies have suggested that hippocampal pattern separation is dependent on sparse activity and orthogonal coding of neuronal information in the dentate gyrusmossy fiber system Rolls, 1992, 1994) . Therefore, cellular 'hyperactivity' of young neurons would be in conflict with improved behavioral pattern separation.
This apparent paradox of hyperactive cells versus improved pattern separation, has been controversially discussed in the past years (Piatti et al., 2013; Danielson et al., 2016; Johnston et al., 2016; Ramsaran and Frankland, 2016) . However, recent studies have provided a better understanding of the young neuron's excitability and their sparse connectivity, shedding new light onto this apparent discrepancy. These new results suggest that evidence from cell biology and behavioral studies are converging to a more coherent view.
A C C E P T E D M
A N U S C R I P T
Enhanced excitability of young granule cells
The structure and function of young GCs differ from mature cells in the dentate gyrus in a substantial number of ways, including synaptic connectivity, firing patterns and membrane excitability (Fig. 1) . Post-mitotic development of young GCs has been extensively studied in adult mice. After cell division the young neurons rapidly start to grow, showing a total dendritic length (TDL) of about 500 µm at 2 weeks post mitosis (wpm) and further increase to about 1000 µm at 3 wpm Sun et al., 2013; Gonçalves et al., 2016) . In Fig. 1AB a 2 .5-week-old biocytin filled neuron is shown with an immature dendritic tree, which fired action potentials (AP) with excitatory currents in the range of a few picoampere (pA) -two orders of magnitude lower than typical mature GCs ( Fig. 1D-E ). This early growth period is followed by synaptic refinement and dendritic pruning, until the neurons resemble fully mature granule cells with a TDL of about 2 mm at around 6-8 weeks post-mitosis (Schmidt-Hieber et al., 2007; Gonçalves et al., 2016) . The cell capacitance is initially very small, around 20 pF when the first synapses are formed (about 1 wpm), and increases up to 60-70 pF during the next 4-6 weeks (Ambrogini et al., 2004; Mongiat et al., 2009; Heigele et al., 2016) . In addition, young GCs have initially a high membrane resistivity, resulting in a remarkably high electrical input resistance (Rin) of about 32 GΩ compared to about 200 MΩ in mature GCs. This means that small currents generate relatively large membrane depolarizations in the young neurons. The high membrane resistance also leads to a slow membrane time constant of about 150 ms at 1-2 wpm, promoting temporal integration of synaptic potentials (Fig. 1C) (Overstreet et al., 2004; Schmidt-Hieber et al., 2004; Heigele et al., 2016) . Subsequently, the Rin decays exponentially with a 4-fold decrease per week resulting in about 8 GΩ, 2 GΩ and 0.5 GΩ at 2, 3 and 4 weeks, respectively ( Fig. 1G) (Heigele et al., 2016; Li et al., 2017) . The change in Rin with maturation is most likely generated by an activity-dependent upregulation in the density of inward-rectifier potassium channels (Kir2, Kir3.2) and ion channels from the twopore-domain (K2P) family (Mongiat et al., 2009; Young et al., 2009; Gonzalez et al., 2018) , which also directly generates a pronounced developmental speed up of the membrane time constant at about 3-4 wpm (Fig. 1H ).
The high Rin is not only functionally interesting, but also constitutes a challenge for any patch-clamp analysis, potentially generating erroneous results. The small leak conductance introduced at the pipette tip might artificially reduce the recorded Rin due
to the parallel circuit and depolarize the measured membrane potential (detailed in Heigele et al., 2016) . Therefore, reported values might actually represent lower estimates of the real values. Nevertheless, using thick-walled glass capillaries (Outer diameter/Inner diameter = 2/0.6) and fire polishing of pipette tips allows to obtain seal resistances above 100 GΩ (approximately 10-times higher than Rin) and therefore errors are minimized below 10%. If such quality criteria are also used for measuring resting membrane potentials in young GCs, the reported values are relatively similar to mature GCs (-80 mV) (Schmidt-Hieber et al., 2004; Heigele et al., 2016; Li et al., 2017) .
The high input resistance together with the slow membrane time constant renders young GCs very sensitive to small excitatory currents. As shown in Figure 1I , the rheobase varies from about 5 pA in young up to 200 pA in fully mature cells, spanning several orders of magnitude. In addition there are low-threshold calcium spikes generated by somato-dendritic T-type calcium channels, which further boost small EPSPs towards the action potential (AP) threshold (Ambrogini et al., 2004; SchmidtHieber et al., 2004; Stocca et al., 2008) .
However, already at this stage there are a number of important 'checks and balances'. Firstly, before 3 weeks, young GCs show a higher AP threshold of about -35 mV in contrast to -45 mV in mature GCs (Heigele et al., 2016) . Secondly, voltage-gated sodium and potassium currents were found to be smaller in young as compared to mature GCs, which reduces the AP amplitude, the maximal rate of rise ( Fig. 1J ) and most importantly the maximal firing frequency (Mongiat et al., 2009; Heigele et al., 2016) . As a result, young GCs fire only one or a few spikes during persistent current injection before 3 wpm (Fig. 1B) . Finally, the density of excitatory synapses and the amplitude of excitatory synaptic currents are much smaller in young GCs up to 4 weeks of age (see below). Thus, the high Rin compensates for the smaller glutamatergic synaptic currents, to finally obtain a synapse-evoked spiking probability in young 2-4 wpm GCs, which is relatively similar to mature cells -at least in the absence of GABAergic inhibition (Mongiat et al., 2009; Dieni et al., 2013; Li et al., 2017) .
Taken together, electrical excitability fundamentally changes during post-mitotic development of newborn GCs in the adult hippocampus. However, increased excitability and increased sensitivity for small excitatory currents do not necessary translate into hyper-excitability and excessive AP firing. In contrast, excitability is
balanced by lower density of voltage-gated ion channels, pronounced spike frequency adaptation and lower synaptic connectivity.
GABAergic synaptic inputs drive both excitation and shunting inhibition
Post-mitotic granule cells begin to develop GABAergic synaptic contacts as early as 4 days post-mitosis and these synapses gradually increase in strength during the next 6 weeks (Espósito et al., 2005; Ge et al., 2006; Sah et al., 2017) . The first interneurons which were found to contact young GCs at about 1 wpm were NO-synthase (NOS) positive neurogliaform/ivy cells and parvalbumin-positive (PV) basket cells (Markwardt et al., 2011; Alvarez et al., 2016) . In a very elegant study by Linda Overstreet-Wadiche and colleagues it was shown that these early GABAergic synaptic currents have slow time course and small amplitudes, but are nevertheless generated by bona fide synapses and do not represent spillover from neighboring synapses (Markwardt et al., 2009 ). The functional properties are actually very similar to mature synapses formed by neurogliaform cells onto mature GCs (Markwardt et al., 2011 ).
Similar to embryonic brain development the GABA reversal potential (EGABA) in young neurons is relatively depolarized to about -35 mV until 3 weeks post-mitosis in contrast to about -80 mV measured in mature GCs (Fig. 2) (Overstreet-Wadiche et al., 2005; Ge et al., 2006; Karten et al., 2006; Heigele et al., 2016) . This is due to a relatively high internal chloride concentration (~25 mM) generated by high expression of NKCC1 and the low expression of KCC2 chloride transporters and has important consequences for the development and survival of young neurons (Ben-Ari, 2002; Ge et al., 2006; Jagasia et al., 2009 ). More specifically it has been shown that feedback 'inhibition' via PV interneurons is critically important for mediating the survivalpromoting effect of environmental enrichment during the first 2 weeks after mitosis (Alvarez et al., 2016) . In this context it should be noted that the first glutamatergic synapses also form very early at about 7 days post-mitosis. However, these early synapses express predominantly NMDA receptors and very little to no AMPA receptors. Therefore, they might be considered to be functionally silent (Deshpande et al., 2013; Sah et al., 2017) . Nevertheless, it was shown that the depolarizing GABAergic synapses can powerfully unblock NMDA receptors and might thereby induce enough calcium influx to stimulate phosphorylation of CREB and other growth
promoting proteins, as well as the unsilencing of glutamatergic synapses (Jagasia et al., 2009; Chancey et al., 2013) . Does a depolarized reversal potential of -35 mV mean that GABA is always excitatory? An important factor in this context is the AP threshold. If EGABA is above the AP threshold, excitation is expected to be the predominant outcome. In the case that EGABA is below the threshold, but more depolarized than the resting potential, GABA is expected to generate depolarizing shunting inhibition. In contrast to hyperpolarizing inhibition, shunting inhibition is silent without glutamatergic excitatory synaptic inputs.
But when combined with glutamatergic EPSPs, AP initiation is blocked by short circuiting depolarization beyond EGABA. In young GCs before 3 wpm it turned out that EGABA is sitting pretty much exactly at the AP threshold, located at -35 mV (Heigele et al., 2016) . That has important consequences. When only about 10% of connected presynaptic GABAergic interneurons (3-4 cells) fire a brief burst of APs, an average synaptic conductance of about 1.5 nS is generated in a typical 2-3-week-old cell. This conductance was indeed shown to facilitate the generation of APs in young GCs (Fig.   3A ). However, a larger number of active GABAergic synapses (>30% of available connections) was shown to inhibit firing via shunting inhibition of AP initiation ( Fig. 3B-C ) (Heigele et al., 2016) . This large GABAergic conductance promotes rapid depolarization towards EGABA, but at the same time prevents further depolarization beyond this point (Fig. 3A, upper right) . Thereby, AP initiation in young GCs can be powerfully controlled by the number of active GABA interneurons.
Currently it is unknown what percentage of interneurons is active under different behavioral conditions. However, the dentate gyrus represents a highly competitive 'winner-takes all' network with strong lateral feedback inhibition (Geiger et al., 1997; Temprana et al., 2015; Espinoza et al., 2018) . PV-positive basket cells can be easily recruited by a small number of active mature GCs, exerting strong inhibition to neighboring GCs locally restricted within about 200 µm (Ewell and Jones, 2010; Sambandan et al., 2010; Espinoza et al., 2018) . Furthermore, in vivo recordings in awake animals showed that mature GCs are under strong inhibitory control by local fast-spiking GABAergic interneurons during theta-nested gamma oscillations (Pernía-Andrade and Jonas, 2014). On average, the locally generated inhibitory charge outnumbers the excitatory charge generated by perforant-path synapses by a factor of 2.3. Only a small proportion of winner GCs escape from this inhibition from time to time, generating the well-known sparse population code reported for dentate gyrus Hainmueller and Bartos, 2018) . Thus, it is expected that young GCs will receive substantial GABAergic synaptic inputs, generating both excitation (when only ~10% of synapses are active) as well as shunting inhibition (when >30% of synapses are active), to counterbalance enhanced excitability during increased hippocampal network activity.
At 4 weeks post-mitosis, EGABA becomes very similar to mature GCs sitting close to the resting potential of about -80 mV ( Fig. 2B ) (Marín-Burgin et al., 2012; Heigele et al., 2016) . Nevertheless, GABAergic synapses are still not fully mature at this stage.
As pointed out by Alejandro Schinder and colleagues, a prominent feature at this developmental stage still is the slower time course of perisomatic inhibition mediated by PV interneurons relative to mature GCs (Marín-Burgin et al., 2012) . Although local stimulation of perforant path (PP) fibers in the molecular layer can generate a ratio of GABAergic and glutamatergic peak conductance amplitudes in young GCs similar to mature cells, the slower rise time of inhibitory currents provides a window of spiking opportunity. Indeed, population analysis in hippocampal slices using calcium imaging revealed that young GCs can be more easily recruited under certain conditions. For example, a single shock stimulation of PP fibers, which recruits about 20% of mature GCs, will recruit 40% of young GCs at 4 wpm (Marín-Burgin et al., 2012) . Therefore, during single shock stimuli young neurons are about 2-times more excitable than mature GCs.
More recently, additional studies have shown that at 4wpm the ratio of peak amplitudes of inhibitory and excitatory conductance (I/E ratio) is actually dependent of feedforward versus feedback inhibition. While the I/E ratio is smaller in young GCs concerning feedforward inhibition, feedback inhibition is already rather similar to mature GCs (Dieni et al., 2013; Pardi et al., 2015) . These studies also clearly show that although I/E ratio is overall smaller in young GCs at 4 wpm, GABAergic inhibition can effectively restrict spiking at this stage (Dieni et al., 2013) .
Although the smaller I/E ratio may facilitate spiking in young GCs during single shock conditions, the substantially slower decay of the GABAergic conductance also acts to counterbalance excitability during ongoing network activity. Due to stronger temporal summation during continuous activity of local interneurons generated by theta-nested gamma oscillations (Pernía-Andrade and Jonas, 2014), the slow GABAergic inhibition will generate larger inhibition in young GCs during repetitive
activity relative to single stimuli. As a result I/E ratio during trains of stimuli at frequencies between 20-40 Hz is identical in young 4 wpm and mature GCs, effectively blocking spiking (Pardi et al., 2015) .
Taken together, young GCs form GABAergic synapses as soon as 4 days postmitosis and show less pronounced GABAergic inhibition than mature GCs under certain conditions. However, this does not necessarily generate hyper-excitability.
There are efficient ways for powerful GABAergic inhibition at all stages of development including effective temporal summation of the slower GABAergic conductance and strong shunting inhibition. This allows for reliable control of young GC spiking by local GABAergic interneurons.
Selective activation of young neurons via NMDA-dependent spiking
At around 7 days post-mitosis the first glutamatergic synapses were reported, which might originate from hilar mossy cells (Deshpande et al., 2013; Chancey et al., 2014; Sah et al., 2017) . During the second post-mitotic week further glutamatergic synapses are formed by axons from lateral and medial entorhinal cortex (LEC, MEC) (Deshpande et al., 2013; Woods et al., 2018) . This shows that the young neurons form synapses with the major afferent glutamatergic input pathways early on. Until 3 wpm glutamatergic synapses show immature functional properties including preferential expression of NMDA receptors (Chancey et al., 2013 (Chancey et al., , 2014 Li et al., 2017) . Similarly, the extrasynaptic membrane of newborn granule cells harbors a large number of NMDA receptors, even in the youngest cells without any synapses (Schmidt-Salzmann et al., 2014) . The extrasynaptic NMDA/AMPA receptor conductance ratio is 3-times higher in young GCs before 3 wpm and declines towards a mature ratio of about 1:1 after the loss of DCX expression. These findings suggest that extrasynaptic NMDA receptors are key players in the process of new synapse formation in newly generated granule cells. They might be activated by extrasynaptic glutamate spillover from neighboring preexisting axon terminals and thereby initiate growth of new filopodia and spines in a competitive manner (Toni et al., 2007; Mu et al., 2015; Adlaf et al., 2017) .
Furthermore, NMDAR activation between 1-2 wpm was shown to be important for survival of the newborn cells, which are otherwise eliminated via apoptosis (Tashiro et al., 2006) .
What is the functional role of NMDA receptors in newborn young neurons?
Activation of extrasynaptic NMDA receptors by a small number of glutamate pulses
was shown to initiate calcium-induced growth of filopodia and new spines in developing pyramidal cells (Kwon and Sabatini, 2011) . Therefore, the high density of extrasynaptic NMDA receptors in young GCs is consistent with the well-documented role of these receptors for glutamatergic synapse formation in early cortical development (Durand et al., 1996; Maletic-Savatic et al., 1999) as well as in adult neurogenesis (Mu et al., 2015; Sultan et al., 2015) . The synaptic NMDAR/AMPAR conductance ratio is initially 10:1 at 2 wpm, substantially higher than the extrasynaptic ratio of 3:1 (Schmidt- Salzmann et al., 2014; Li et al., 2017) , indicating that NMDA receptors are selectively enriched and targeted into developing postsynaptic filopodia. This not only supports synapse formation but also lays the foundation for the adjustment of synaptic strength during activity-dependent synaptic plasticity (see below, Schmidt-Hieber et al., 2004; Ge et al., 2007) .
NMDAR activation is dependent on several factors besides glutamate binding. In addition to the requirement for postsynaptic depolarization due to the voltagedependent magnesium block, NMDA receptors need to bind D-serine or glycine as a co-agonist, which is provided by astrocytes (Papouin et al., 2017) . Using a transgenic approach to block vesicular release from astrocytes, it was shown that NMDAR activation and synapse formation in young GCs is critically dependent on astroglial Dserine (Sultan et al., 2015) . The precise conditions for astrocytic D-serine release is not fully understood. However, it was suggested that cooperative neuronal activity within an astrocytic domain activates glial CB1 receptors, leading to calcium-induced release of D-serine, which feeds back to neuronal NMDAR activation (Papouin et al., 2017; Robin et al., 2018) . Interestingly, this feedback seems to be locally restricted to the neuropil ('synaptic island') controlled by the fine processes of the activated astrocyte (Papouin et al., 2017) . Thus, cooperative neuronal activity will induce locally restricted D-serine release. Thereby synapse formation in young GC dendrites is locally controlled by correlated afferent activity within spatially distinct active synaptic islands (Sultan et al., 2015) .
What are the electrophysiological consequences of synaptic NMDA receptor activation in young yGCs? As shown in Fig. 4 , electrical stimulation of glutamatergic synapses in the molecular layer with a low intensity readily evokes subthreshold EPSPs in mature as well as in 2-week-old GCs. In contrast to mature neurons, the EPSPs in young neurons are highly sensitive to the NMDAR antagonist AP5 (Fig.   4AB ). Furthermore, brief burst stimulation (5@50Hz) generates non-linear NMDAR-
dependent summation of EPSPs in young GCs with a 10-times larger peak amplitude relative to single EPSPs. By contrast, EPSP summation is sublinear in mature GCs (Fig. 4CD) . As a consequence, the peak amplitude of burst EPSPs in mature and 2-week-old neurons is not significantly different using the same stimulation intensity (Li et al., 2017) . Increasing stimulation intensity generates spiking in young cells as well as in mature cells (Fig. 4EF) . In contrast to mature cells, however, spiking in young neurons is critically dependent on NMDA receptors. Thus, the high expression of NMDARs in newly formed synapses of young GCs generates pronounced NMDAdependent electrogenesis, resulting in highly non-linear summation of glutamatergic EPSPs (Li et al., 2017) . This is supported by the small membrane capacitance (20 pF) and high electrical input resistance before 3 wpm (2-30 GΩ), which renders young GCs electrotonically compact and creates a single electrotonic compartment (Heigele et al., 2016) .
Interestingly, this resembles NMDA-dependent boosting of EPSPs in single dendritic branches of mature pyramidal and granule cells, which also have a small capacitance and high electrical input impedance (Poirazi et al., 2003; Polsky et al., 2004; Häusser, 2010, 2011; Krueppel et al., 2011; Schulz et al., 2018) .
Additionally, young GCs can generate simultaneous somato-dendritic calcium spikes (Stocca et al., 2008) , similar to calcium spikes seen in distal dendritic branches of pyramidal cells (Larkum et al., 2009 ). Thus, until around 3 wpm a young GC can be considered to function as a single computational unit similar to individual dendritic branches in mature neurons. Afterwards, the individual dendrites become electrotonically more isolated, and the GC starts to function as a neuron with multiple computational units (Poirazi et al., 2003; Larkum et al., 2009) . Does the enhanced excitability and efficient NMDA electrogenesis in young GCs generate hyper-excitability? Again, there are a number of important factors counterbalancing excitability. Most importantly, the number of synaptic connections is dramatically smaller at young developmental stages. It was estimated that the density of immature glutamatergic synapses at 2 and 3 wpm corresponds to only about 2% and 20% of mature values, respectively Li et al., 2017) . At 4 wpm the synapse density is still only 35% of mature and further increases during the following weeks (Dieni et al., 2016) . Remarkably, synapse-evoked spiking probability at 2-4 wpm was reported to be very similar in young and mature neurons, using local afferent fiber stimulation in the molecular layer (Mongiat et al., 2009; Dieni et al., 2016;  A C C E P T E D M A N U S C R I P T NMDA-dependent electrogenesis in young cells does not generate hyperexcitability, but rather balances low connectivity and compensates for the low number of input synapses.
A second factor is related to the narrow cone-shaped dendritic tree structure (Fig.   5A ) and the smaller TDL in young neurons of 0.5-1 mm at 2-3 wpm relative to 2 mm in mature GCs Schmidt-Hieber et al., 2007; Sun et al., 2013; Gonçalves et al., 2016) . It was shown, that synapse-evoked firing in young GCs is efficient in case the connected afferent fiber bundle fires a brief burst (Fig. 5B) , but quickly disappears when the location of the stimulation electrode is tangentially shifted to the side (Li et al., 2017) . As a consequence, a dendritic 'firing field' is obtained with a substantially smaller width in young versus mature GCs (Fig. 5D-E) . Furthermore, it was shown that neighboring young neurons with a soma-soma distance of ~50 µm have largely non-overlapping firing fields (~15% overlap), while the large fields of mature cells are substantially overlapping (~80%, Fig. 5D-E) (Li et al., 2017) . Similarly, at 4 wpm connectivity is still sparser than in mature cells as shown by paired voltageclamp recordings from neighboring GCs (Dieni et al., 2016) . In order to simultaneously evoke EPSCs in two neighboring cells with 50% chance (soma-soma distance <80 µm), the stimulation intensity needs to be about 2-times higher at 4 wpm than in fully mature GCs (Dieni et al., 2016) . This shows that different young neurons receive inputs from distinct non-overlapping presynaptic fiber populations. This sparse connectivity patterns might support orthogonal coding of neuronal information, because different GCs participate in different cell assemblies with minimal overlap. Or in other words, different entorhinal input patterns, will activate highly distinct cell assemblies in the dentate gyrus.
Firing in mature GCs is strongly reduced by GABAergic synaptic inhibition to finally show similar activity levels than young neurons (Li et al., 2017) . In the end, both young and mature GCs show sparse firing in response to afferent fiber stimulation. However, the underlying mechanisms are highly different. While in mature GCs inhibition is most important, the response in young GCs is predominantly shaped by the sparse afferent connectivity (Dieni et al., 2013) . The total number of glutamatergic synapses in mature GCs was counted to be about 5000 in adult mice (Schmidt-Hieber et al., 2007) . On the basis of the lower synapse density (2-20%) and shorter dendritic length (young / mature TDL = 0.25-0.5), the total number of connected synapses was estimated in
young GCs, revealing a value of only about 25 (0.25*2%=0.5%) and 500 synapses (0.5*20%=10%), at 2 and 3 wpm, respectively Li et al., 2017) . As neighboring 2-to 3-week-old cells are connected to different fibers, a small subpopulation of active afferent EC fibers will discharge highly different subsets of young GCs. Similarly, in 4-week-old GCs it was reported that synaptic excitation is difficult when stimulation electrodes were positioned in the LEC or MEC, while efficient synapse-evoked spiking could be reliably achieved if stimulation is locally positioned in the molecular layer of the dentate gyrus (Dieni et al., 2013 (Dieni et al., , 2016 . This indicates that young GCs fire APs similarly to mature cells when a distinct small subpopulation of connected afferent fibers is active. However, the recruitment of young GCs is restricted by the sparse connectivity, which generates sparse and orthogonal responses in neighboring young neurons.
Taken together, these studies suggest that between 2-4 wpm young GCs efficiently generate APs given that a specific subset of afferent fibers is activated. The high impact of the low number of connected synapses is based on the high electrical input resistance and non-linear NMDA-dependent electrogenesis in young cells. However, spiking rapidly disappears in young cells with more unspecific stimulation paradigms, under which mature GCs still discharge, indicating that glutamatergic connectivity in young GCs is sparse and firing output is highly orthogonal.
Activity of young GCs during hippocampus-dependent learning
What is the functional impact of sparse AP firing in young dentate gyrus GCs for hippocampal information processing? The seminal studies of Marr suggested that the mammalian hippocampus constitutes an auto-associative memory storage based on CA3 connectivity (Marr, 1971) . However, it was pointed out that selectively retrieving a specific firing pattern among several learned neuronal activity patterns stored in the same set of recurrent synapses is highly non-trivial (Treves and Rolls, 1992) . While auto-associative memory storage systems show the potentially useful property of memory retrieval by partial cues, they also tend to generalize, strongly limiting storage capacity. Computational modeling suggested that this problem could be potentially reduced in the hippocampus by sparse and orthogonal activity in the dentate-gyrus mossy-fiber system, acting as a 'teacher' for the CA3 network (Treves and Rolls, 1994) .
Indeed sparse activity patterns in dentate were later confirmed by many experimental studies, showing that only about 2% of dentate granule cells are active A C C E P T E D M A N U S C R I P T during a certain behavioral task (Jung and McNaughton, 1993; Chawla et al., 2005; Leutgeb et al., 2007; Hainmueller and Bartos, 2018) . However, within the CA3 region the relative proportion of active cells is typically an order of magnitude larger (30-40%). This is partially due to the dense recurrent network formed by CA3 pyramidal cells, with each neuron receiving about 4000 EC inputs and more than 10000 recurrent collateral synapses. In contrast, a single CA3 pyramidal cell receives inputs from only a few mossy fibers (~50) with exceptionally strong synaptic weight. Therefore, although the mossy-fiber input is sparse, a brief burst in a single GCs is able to discharge a CA3 pyramidal neuron (Henze et al., 2002; Bischofberger et al., 2006) . As dentate GCs are active in parallel to the direct perforant-path input onto CA3, a sparse and orthogonal mossy fiber input might therefore help to form distinct cell assemblies during learning for different memory items (Treves and Rolls, 1994) . This may finally help to increase storage capacity of the hippocampus. Although it is still largely unclear how young and mature GCs contribute to this process, a few concepts have begun to emerge.
Behavioral studies suggest that newly generated young GCs improve distinction of similar memory items by promoting hippocampal pattern separation (Clelland et al., 2009; Creer et al., 2010; Sahay et al., 2011; Kheirbek et al., 2012; Bolz et al., 2015; Danielson et al., 2016) . Evidently, the contribution of newly generated GCs to learning is largest when they are young, at around 3-4 wpm (Gu et al., 2012; Nakashiba et al., 2012) . While reversible optogenetic silencing of a small cohort of 4 wpm GCs during context-fear conditioning disrupts context-dependent memory, silencing a similar cohort of 8 wpm GCs has no significant effect (Gu et al., 2012) .
The number of activated newly generated young GCs has also been compared with the activity of mature GCs using immediate early gene expression, showing that the proportion of active 4-week-old GCs is slightly larger (~4%) than the proportion of active GCs within the general NeuN-positive GC population under identical conditions (~1-2%) (Ramirez-Amaya et al., 2006; Kee et al., 2007; Tashiro et al., 2007; Krzisch et al., 2016) . Similarly, in vivo calcium imaging has shown that cells younger than 6 wpm are on average 1.5-fold more active than mature GCs (Danielson et al., 2016) .
Although slightly more active than mature GCs, the activity levels in young GCs are still one order of magnitude lower than reported activities in CA3. Finally, using direct labeling of GCs born at E17 or P7 with Thymidine analogues, no differences has been found in the proportion of c-Fos expressing cells after Watermaze learning relative to adult-born 7.5 week-old cells (~1%, (Stone et al., 2011) . All of these in vivo results are
fully consistent with the sparse and orthogonal connectivity of young GCs described above.
The sparse activity of young GCs indicates that the mossy fiber input from young neurons onto CA3 pyramidal cells would be well suited to sparsify and orthogonalize CA3 cell assemblies during learning, as suggested by computational modelling studies (Treves and Rolls, 1994; Mishra and Narayanan, 2019) . This is also consistent with the notion that young neurons need to be activated during learning to be beneficial for memory recall (Danielson et al., 2016; Zhuo et al., 2016) . Increasing the spine density of young GCs via Neuroligin-2 overexpression artificially increases the active proportion of young cells during learning from 4% to about 9% Arc + neurons.
Remarkably, this boost in activity impaired hippocampus-dependent learning, rather than improving it (Krzisch et al., 2016) . This shows that the sparse and orthogonal AP firing in young GCs is required for beneficial effects of adult neurogenesis on storage capacity.
Taken together, young GCs are sparsely active during hippocampus-dependent learning, consistent with their network connectivity and intrinsic properties promoting sparse firing. Reversible silencing of young neurons has shown that they are most beneficial for learning at young developmental stages of 3 to 4 wpm. Finally, sparse coding in young cells is critically important, because they only improve memory recall, if they are recruited during learning at sparse activity levels.
Functional implications of sparse and orthogonal AP firing in young GCs for hippocampal information processing
Although it is well established that newly generated young GCs contribute to learning and memory formation in a unique fashion, it is still largely unclear how this is achieved. Nevertheless, there are a few properties of young cells that nicely fit the predictions for dentate GCs as proposed by computational modeling studies.
It was predicted that the dentate gyrus should form a competitive learning matrix to remove redundancy and generate an orthogonal and sparse set of outputs towards CA3 (Treves and Rolls, 1994) . The competitive formation of new synapses by young cells starting from the first week after mitosis perfectly fits this requirement (Toni et al., 2007; Mu et al., 2015; Adlaf et al., 2017) . The highly non-linear NMDAR-dependent
electrogenesis in young GCs further supports this process, which efficiently detects correlative activity in input synapses. The high extrasynaptic NMDAR expression, the enhanced excitability and the enhanced NMDAR-dependent associative synaptic plasticity in young neurons constitute a competitive advantage over the mature GCs (Schmidt-Hieber et al., 2004; Ge et al., 2007; Kheirbek et al., 2012) . As a consequence of the NMDAR-dependent electrogenesis, a low number of synapses can powerfully depolarize and discharge young GCs (Li et al., 2017) . Therefore, young cells detect and respond to coactive synapses within their small dendritic field. Due to their competitive advantage, they will easily remove such synapses from neighboring mature GC dendrites to form connections with these fibers on their own, mapping these connections to new distinct DG units (Toni et al., 2007) . Thereby the output patterns of neighboring mature GCs are also sparsified (Adlaf et al., 2017) . As suggested by network modeling, this should generate the formation of codes for regularly occurring combinations of active inputs that participate in different episodic memories (Treves and Rolls, 1994) . Most importantly, the smaller the units which reliably respond to correlations in the input space, the finer the distinction of individual features from partial cues, thus preventing different items falsely activating the same cell assemblies in CA3.
As outlined above, at all stages of development there are different mechanisms to counterbalance enhanced excitability and NMDAR-dependent spiking, providing sparse firing even with increasing synapse load. During the first three weeks, membrane resistivity is high and GABAergic synapses generate less synaptic inhibition under certain conditions. However, firing is restricted by the lower density of voltagegated ion channels and sparse glutamatergic connectivity. Furthermore, the slow time course of GABAergic synapses generates efficient temporal summation leading to shunting inhibition during enhanced hippocampal activity early on. At around 3-4 weeks, when the number of connected synapses exceeds 500, several important changes occur. Firstly, the membrane time constant drops towards that of mature values, dividing dendrites electrotonically apart from each other. Secondly, EGABA declines to mature values, making GABA more inhibitory. As the time course of GABAergic currents is still slow, there will be more efficient temporal summation of GABAergic synaptic currents during ongoing network activity. Finally, it was reported that at around 4 wpm there is also enhanced long-term depression in young GCs, as well as a phase of dendritic pruning (Massa et al., 2011; Gonçalves et al., 2016) . After
the full complement of approximately 5000 synapses is reached, sparse firing is maintained by large feedforward and feedback inhibition, increased leak channel density and a high threshold for synaptic plasticity. While these mechanisms still allow for sparse coding and detection of previously learned correlations, learning of new ones will be more difficult at this stage.
In addition to the input synapses, the output synapses of young GCs also show special properties. The mossy fiber boutons form synapses with CA3 pyramidal cells at around 2 wpm reaching mature EPSC amplitudes at about 4 wpm (Toni et al., 2008; Sun et al., 2013) . At this stage they show a lower threshold for the induction of the nonassociative mossy-fiber LTP than fully mature cells (Gu et al., 2012) . At the mossyfiber CA3-pyramidal cell synapse potentiation depends only on presynaptic GC activity, while the activity of the postsynaptic CA3 pyramidal cell is largely irrelevant (Bischofberger et al. 2006) . Computational studies have suggested that the associative LTP in input synapses together with non-associative LTP at output synapses of GCs is necessary as an instructive teaching signal for the formation of new distinctive cell assemblies in CA3 (Treves and Rolls, 1992) . Starting at 2 wpm young GCs also from synapses with CA3 interneurons to generate feedforward inhibition, another mechanism to support decorrelation in CA3 cell assemblies (Restivo et al., 2015; Temprana et al., 2015) .
Taken together, not only the input synapses, but also the output synapses of young GCs show properties, which nicely match requirements for efficient hippocampal information processing as suggested by computational modeling studies.
Conclusions
Although newly generated young GCs have intrinsic properties to increase excitability, they remain sparsely active similar to mature GCs within the dentate network. This is mainly due to sparse connectivity of the young cells, generated by a small number of high-impact synapses. As these synapses are formed in a competitive According to modeling studies the dentate gyrus may improve storage capacity of hippocampus-dependent auto-associative memory, by sparse and distinct synaptic inputs to the CA3 network. As young GCs preferentially form synaptic input connections with small bundles of co-active afferent EC fibers, the young GC population will output distinctive feature sets to CA3. As a consequence, they are expected to improve learning and recall of similar memory items as experimentally confirmed by improved behavioral pattern separation. Taken together, present studies support the notion that synaptic properties of newly generated GCs efficiently support sparse and orthogonal coding in the mammalian hippocampus to improve learning and memory. 
